IMPORTANCE Treatment delay for seizures can lead to longer seizure duration. Whether treatment delay is associated with major adverse outcomes, such as death, remains unknown.
S tatus epilepticus (SE) consists of a prolonged, selfsustaining seizure or repeated seizures without return to baseline neurological function. 1 It is one of the most frequent life-threatening emergencies affecting approximately 17 to 23 per 100 000 children in the United States and Europe. [2] [3] [4] The short-term mortality ranges from 3% to 9%, 2, 5 and the long-term mortality rate is 7%. 5 Survivors of SE often have long-term sequelae, including cognitive and neurodevelopmental impairment, epilepsy, and recurrent SE. [6] [7] [8] Current SE treatment protocols suggest a timely and stepwise progression of treatment. [9] [10] [11] Protocols recommend the first-line treatment-a benzodiazepine-to be administered within 5 to 10 minutes of seizure onset. 9, 10 This first-line treatment is usually followed by the second-line treatment-the administration of a nonbenzodiazepine antiseizure medication (ASM)-10 to 20 minutes later. 9, 10 If SE persists, the third-line treatment-anesthetic agents via continuous infusion-may be started within 30 to 70 minutes of seizure onset. 9, 10 The rationale is to stop seizures quickly, thereby reducing the risk for brain damage and other medical complications. Different studies have shown that seizures usually last less than 10 minutes, and it is unlikely that they stop spontaneously after that threshold. [12] [13] [14] Animal models and clinical studies have demonstrated a progressive diminished efficacy of benzodiazepine with prolonged seizures, [15] [16] [17] and untimely treatment leads to longer convulsion duration. [17] [18] [19] However, previous data have indicated that the treatment of SE is often delayed. To date, the main SE outcome predictors include patient age, SE cause, and SE duration, 7, 8, 20 with SE duration being most often the only modifiable risk factor through timely ASM management. 18, 19 Although it is known that time to treatment is independently associated with SE duration, [17] [18] [19] it is not known if untimely treatment affects other outcome measures, such as death.
To address this gap in knowledge, we aimed to study the association between untimely first-line benzodiazepine treatment and short-term outcome in children with refractory convulsive status epilepticus (RCSE). We hypothesized that patients with RCSE have worse short-term outcomes if they receive the first-line benzodiazepine treatment 10 or more minutes after seizure onset.
Methods

Study Design
This multicenter, observational, prospective cohort study is part of the Pediatric Status Epilepticus Research Group, a consortium of 11 tertiary pediatric hospitals in the United States. 21 Data on time to treatment of a subgroup of initial cases in this cohort have been previously reported. 19 Data were collected with a standardized data acquisition tool and entered into an electronic database. Prehospital data, including time to treatment and SE onset, were prospectively obtained from patients' families and corroborated with emergency medical services (EMS) reports and medical records. The inhospital information was obtained from hospital records and inpatient medical teams. In the case of missing or incomplete data, we prospectively corroborated data with the families, medical teams, and objective sources. In the case of small differences of timing, we chose the time with stronger and more precise evidence and excluded the patient if the timing was unclear. 
Patients
Although the Pediatric Status Epilepticus Research Group centers usually follow published guidelines on SE treatment, there is no common management protocol, and decisions were made based on clinical judgment by the individual treating teams, permitting this comparative effectiveness approach. The inclusion criteria were (1) hospital admission into 1 of the consortium's 11 tertiary pediatric hospitals in the United States for an SE episode during hospital admission between June 1, 2011, and July 7, 2016; (2) age from 1 month to 21 years at the time of admission; (3) focal or generalized convulsive epileptic seizures at onset; and (4) failure of treatment with 2 or more ASMs to terminate SE or the initiation of a continuous infusion for seizure control. In cases in which a patient had more than 1 SE episode during the study period, only the first episode was analyzed. Of the 268 potentially eligible patients, 218 (81.3%) met the inclusion criteria.
The exclusion criteria were (1) nonconvulsive SE detected on electroencephalogram without convulsive seizures at onset, (2) nonconvulsive SE with motor manifestations limited to infrequent myoclonic jerks, (3) unknown time to first-line benzodiazepine treatment, (4) psychogenic nonepileptic seizure, or (5) incomplete clinical information regarding ASM administration. ment 10 or more minutes after seizure onset (untimely first-line benzodiazepine treatment). The primary outcome was death during the hospital admission. The secondary outcome was the need for continuous infusion for seizure termination. We also looked at tertiary outcomes, including baseline neurological function at hospital discharge (as determined by previous neurological examinations or history obtained from families), convulsive duration, intensive care unit duration, hypotension, and other medical complications during hospitalization (not included in other variables). We reported race and ethnicity as classified by the investigators, with the categories defined by the investigators. Race and ethnicity were reported as descriptive demographic variables.
Statistical Analysis
We used descriptive statistics to summarize demographic and clinical characteristics. Continuous variables were expressed as median and interquartile ranges (IQRs) because evaluation of the data distribution did not fit a normal distribution, and we therefore used nonparametric analyses. Initial bivariate analyses for binary outcome variables were performed using the Fisher exact test. To test the association of the untimely first-line benzodiazepine treatment with our primary outcome, we performed an exact logistic regression adjusting for age, structural cause, febrile RCSE, and no previous neurological history (including previous RCSE events). One of the outcome's bins had a zero, which precluded the use of standard logistic regression. Exact logistic regression allows for the construction of logistic regression models in which the sample size is too small and/or some of the cells have zero observations in the data.
22,23 The model parameter estimates are based on the permutational distributions of sufficient statistics rather than asymptotic statistics. In such scenarios, the maximum likelihood-based approaches fail to perform satisfactorily. 22, 23 The secondary and tertiary outcomes were more frequent; thus, we performed a logistic regression adjusting for age, structural cause, febrile RCSE, no previous neurological history, generalized SE, continuous RCSE, and more than the median number of ASMs (≥5). We selected the variables on the basis of prior scientific knowledge that prevents multiple testing and reduces the number of false negatives. The number of variables was limited to avoid overfitting of models that had rare events. Because the data were highly skewed, we used linear regression with log transformation to calculate the association between time to first-line benzodiazepine treatment and duration of convulsive SE. We compared times to benzodiazepine and nonbenzodiazepine ASMs between groups using the Wilcoxon rank sum test. Times were calculated from seizure onset. The Wilcoxon signed rank test was used to compare treatment timing with protocol recommendations. The 2-sided α value was set at 0.05. All statistical analyses were performed with Stata, version 13 (StataCorp LLC). 
Results
Patients
Untimely Treatment and Death
Seven patients (3.2%) died prior to hospital discharge, and all 7 received untimely first-line benzodiazepine treatment ( Figure 1A ). Multivariate analysis showed that those who received untimely first-line benzodiazepine treatment had higher odds of death after adjusting for known confounders (adjusted odds b The numbers may sum up higher than the total, as some patients may present with more than 1 category.
ratio [AOR], 11.0; 95% CI, 1.43 to ϱ; P =.02)( Table 2) . Five (71.4%) of 7 patients who died had prehospital SE onset (eTable 1 in the Supplement).
Untimely Treatment and Use of Continuous Infusion
One hundred twelve patients (51.4% [112 of 218]) received a continuous infusion, and of these 112 patients, 80 (71.4%) received untimely first-line benzodiazepine treatment (P = .09) ( Figure 1B ). After adjusting for confounders, we found that the untimely treatment group was more likely to receive 1 or more continuous infusions (AOR, 1.8; 95% CI, 1.01-3.36; P = .047) ( 
Untimely Treatment and Tertiary Outcomes
The median (IQR) convulsion duration was 48.5 minutes longer for patients who received untimely first-line benzodiazepine treatment than for those who received it in less than 10 minutes (91 [50-200] minutes vs 139.5 [60-360] minutes;
. Multivariate analysis showed that the untimely treatment group, compared with the group treated in less than 10 minutes, had greater odds of having a longer-than-themedian convulsive duration (AOR, 2.6; 95% CI, 1.38-4.88; P = .003) and hypotension (AOR, 2.3; 95% CI, 1.16-4.63; P =.02) ( Table 4) . For every minute in log time to treatment, the log duration of SE increased by 0.32 log minutes (95% CI, 0.21-0.44; P < .001) ( Figure 2 ). The outcomes stratified by RCSE onset are detailed in eTables 2 and 3 in the Supplement.
Time to Treatment
The timing of the first-line benzodiazepine treatment was correlated with the time to the second-line treatment with nonbenzodiazepine ASM; with every 1 minute of delay, the first secondline nonbenzodiazepine ASM was administered 0.8 log minutes later (95% CI, 0.64-0.95; P < .001) ( Figure 3A ). The timing of the first-line benzodiazepine treatment was also correlated with the time to the third-line treatment with continuous infusion (0.5 log minutes later per minute of delay; 95% CI, 0.25-0.78; P < .001) ( Figure 3B ). The timing to medical assistance and treatment are summarized in eTable 4 in the Supplement. The median (IQR) time to first-line benzodiazepine treatment was 17 (5-45) minutes, and it was longer for the prehospital group than for the inhospital group (25 
Discussion
After multivariate analysis, we found that patients who received untimely first-line benzodiazepine treatment died more frequently, received continuous infusions more often, and had longer convulsive SE duration and more frequent hypotension during the admission. In addition, the time to treatment with benzodiazepine and the time to treatment with nonbenzodiazepine ASM were more frequently delayed for the prehospital group compared with the inhospital group, and the time to the first-line benzodiazepine treatment was correlated with the timing of the second-and third-line treatments, suggesting a subsequent delay in the workflow.
Time to Treatment and Death
We could not find previous reports describing an independent association between time to treatment of SE and subsequent death. However, a longer duration of seizures is associated with a higher frequency of death, 26 Our study is different in that we included solely pediatric refractory patients and enrolled an overall larger number of children and young adults. Of note, in our study, all patients who died received untimely first-line benzodiazepine treatment; after adjusting for known confounders, we found that this group had an OR of 11 for death. Preclinical studies have suggested that the development of benzodiazepine pharmacoresistance during SE is the result of an internalization of gamma 2 subunit-containing, benzodiazepine-sensitive γ-aminobutyric acid type A receptors during prolonged seizures. 16, [27] [28] [29] In this study, the first-line benzodiazepine treatment did not terminate seizures, and this later (ie, untimely) benzodiazepine treatment was associated with death. A possible explanation for this finding is that faster first-line benzodiazepine treatment may be a marker for a more aggressive treatment and workflow, in general, and we accordingly detected a linear correlation between the timing of the different treatment lines. All of these aspects may contribute Abbreviations: AOR, adjusted odds ratio; RCSE, refractory convulsive status epilepticus.
a The results of AORs for multivariate analysis using an exact logistic regression model, with untimely first-line benzodiazepine treatment (Ն10 minutes after seizure onset) as the predictor and death as the primary outcome, adjusted for structural cause, febrile RCSE, age, and no neurological history. The main finding is that, after controlling for structural etiology, febrile RCSE, age, and no neurological history, we found that the AOR of death was 11 for patients with untimely first-line benzodiazepine treatment compared with patients with first-line benzodiazepine treatment in less than 10 minutes after seizure onset. to improved outcomes with faster treatment, always taking into account the cause of the SE.
Time to Treatment and Need of Continuous Infusions
Our data show that patients who received untimely first-line benzodiazepine treatment had greater chances to require continuous infusions, but the data do not distinguish the extent to which subsequent treatments after the administration of first-line agents affected the outcome. Limited evidence exists on the choices of nonbenzodiazepine ASM and on the use of continuous infusions. 
Time to Treatment and SE Duration
Several studies have shown a relationship between time to treatment and duration of SE. 17,19,31,33,34 A series of 240 SE episodes in children demonstrated that, for every minute of delay until hospital arrival, patients had a 5% higher risk of having an episode longer than 1 hour. 35 Another study of 120 adults with SE showed that treatment initiated in less than 30 minutes was associated with an 80% response rate, whereas less than 40% of patients responded when treated more than 2 hours after the episode. 36 Our data support these results because patients who received the first-line benzodiazepine treatment in less than 10 minutes had more chances of having a shorter SE episode, and the time to benzodiazepine treatment was linearly associated with the duration of SE.
Opportunities for Improvement in Care
Delay in the treatment of RCSE is independently associated with adverse outcomes. Therefore, SE should be considered a time-sensitive emergency, such as a stroke or other cardiovascular events. Our data set is not designed for detailed factor analysis; however, further work is needed to delineate the aspects contributing to delay. At this point, we hypothesize that several factors could improve outcomes, such as further attention toward faster detection, recognition, and treatment of SE; implementation of seizure action plans; and improved A, The x-axis represents the time to the first-line BZD treatment in minutes in a log transformation, and the y-axis represents the time to the second-line treatment with non-BZD antiseizure medication (ASM) in minutes in log transformation. A linear association exists between log time to the first-line BZD treatment and log time to the second-line treatment with non-BZD ASM; with every 1 minute change in a log scale of the first-line BZD treatment, the second-line treatment was administered 0.8 log minutes later (95% CI, 0.64-0.95; P < .001). B, The x-axis represents the time to the first-line BZD treatment in minutes in a log transformation, and the y-axis represents the time to the third-line treatment with continuous infusion in minutes also in log transformation. A linear association exists between log time to the first-line BZD treatment and log time to the third-line treatment; with every log minute change of the first-line BZD treatment, the third-line treatment was administered 0.5 log minutes later (95% CI, 0.25-0.78; P < .001). availability and use of rescue medications for patients with known seizures, as well as improved education for families and EMS. The timing of the first-line benzodiazepine treatment is significantly slower in the prehospital setting; therefore, this study could fuel prehospital and quality improvement interventions that could change SE outcomes.
Association of Time to Treatment With Outcomes for Pediatric Patients With Status Epilepticus
Time to Treatment in SE Treatment Guidelines
To date, exact time thresholds are mostly based on expert opinion. Most SE treatment guidelines recommend benzodiazepine initiation within 5 to 10 minutes from SE onset. 9,10 Furthermore, seizures normally last less than 10 minutes, and it is unlikely that they stop spontaneously after that time frame. [12] [13] [14] Based on these studies, we decided to evaluate the under-10-minute threshold because 5 minutes is the time when treatment is usually started. In our study, the median (IQR) time to treatment was 17 (5-45) minutes, with a median (IQR) prehospital time of 25 (10-60) minutes and a median (IQR) inhospital time of 8 (4-24) minutes. These results showed that most inhospital patients were already being treated in less than 10 minutes. This under-10-minute goal is realistic for the inhospital setting and for prehospital patients with previous SE or epilepsy; therefore, we recommend the under-10-minute threshold. However, this time frame may be more difficult to achieve for patients with new-onset SE, with longer EMS response times, or in states and institutions where first responders are not authorized to treat.
Strengths and Limitations
This work was a multicenter study using 6 years of prospective data, providing a large but selected population of children with RCSE. Many of the available studies on SE treatment and outcome are based on adult populations, and this cohort permitted us to fill some gaps in the literature. The large sample size allowed us to study both common and rare outcomes and to demonstrate new associations that will affect the treatment of SE. It is not completely clear if benzodiazepine doses are associated with outcomes in SE; because no difference was found in lower doses of first-line benzodiazepine treatment between the groups (P = .19), we did not include the lower dose in the multivariable model. The data on time to treatment were highly skewed, and we therefore used log transformation, which is the standard technique for time-to-event outcomes.
The distribution of time to treatment and death is difficult to characterize because of the small number of events. Hence, we analyzed the outcome of death as a binary outcome using exact logistic regression and adjusted for predictor variables. Exact logistic regression was used owing to the small number of observations. Because one of the cells (benzodiazepine treatment in <10 minutes) had zero deaths, the 95% CI became infinite, but it will decrease when the outcome becomes present in both groups. The small number of deaths limited the number of confounders that we could include in the model without overfitting. We corrected for neurological history, including previous RCSE events. We could not adjust for selected confounders, such as distance between the patient's home and the center. Although our hypothesis was based on time to treatment and not RCSE-onset setting, we also stratified for inhospital and prehospital RCSE onset. The secondary outcome remained significant after stratification, but the number of the primary outcome in each subgroup did not have enough power for the differences to be statistically significant. We also cannot rule out additional unknown identifiable or nonidentifiable confounders that may have influenced mortality and outcomes, which may have not been detected by our comparative effectiveness approach and would need a randomized control trial.
Therefore, these results need to be interpreted in the setting of data acquisition, including inherent selection and information bias. The episodes that occur in the community and stop spontaneously or with prehospital treatment and do not reach a hospital were not included in this study. In addition, we included patients whose treatment with at least 2 ASMs failed; therefore, these results apply to patients with RCSE. Receiving prolonged status therapy and continuous infusions may be a poor prognostic factor for outcome, 32 possibly owing to confounding by indication. The times to treatment in the prehospital setting were based on information provided by families. We corroborated the information with EMS reports and medical records when available; therefore, we did the best that we could in this study, which was set up to corroborate treatment times.
Conclusions
For pediatric patients with RCSE, the untimely administration of the first-line benzodiazepine treatment (ie, ≥10 minutes after seizure onset) is associated with adverse shortterm outcomes, including a higher frequency of death, more frequent use of continuous infusions, longer convulsive seizure duration, and more frequent hypotension. In addition, the timing of the first-line benzodiazepine treatment is associated with the time to treatment of the second-and third-line medications. Legend: eTable 2 provides the results of AORs using multivariate regression models, with untimely first line benzodiazepine treatment ( 10 minutes) as the predictor and the listed outcomes, in a subpopulation who had a RCSE onset in the prehospital setting. Death was adjusted for structural etiology, febrile RCSE, age, and no previous neurological history, and the other outcomes were adjusted for age, structural etiology, febrile RCSE, no previous neurological history, generalized RCSE, continuous RCSE and 5 ASM. N: number. ICU: intensive care unit. AOR: adjusted odds ratio. C.I.: confidence interval. Std.: standard. * Decline in baseline function at discharge: not able to do the same tasks as before at discharge.
